We report on neutron spin-echo ͑NSE͒ measurements on deuterated styrene-protonated butadiene diblock copolymer micelles in deuterated n-decane to investigate the dynamics of butadiene blocks in the corona. Before the NSE measurements, we performed small-angle neutron-scattering ͑SANS͒ measurements on the micelles to evaluate the structure to give a basis for the discussion of the dynamics. In the SANS study, we have estimated the form factor P͑Q͒ in terms of a hard-core-shell model from the direct evaluation without curve-fitting procedure while a more flexible core-shell model with the structure factor S͑Q͒ gives a better fit to the observed data. The observed normalized intermediate scattering function I͑Q , t͒ / I͑Q ,0͒ by NSE does not show the collective motions corresponding to the so-called breathing mode but rather single chain motion ͑Zimm modes͒ for both the 2 and 20 wt % micelle solutions. The Zimm decay rate ⌫ z in the micelle solution is slow compared with that in the homopolymer solution. This slowing down is assigned to the effective high concentration in the corona. The differences in ⌫ z between concentrated solutions and the 20% micellar solution are attributed to end-tethering effect of the corona chains on the core surface. The possible reasons why the breathing mode was not observed in the present micelle system are discussed on the basis of chain density in the corona.
I. INTRODUCTION
When diblock or triblock copolymers are added to a selective solvent, they aggregate into spherical micelles consisting of an inner core of insoluble blocks and an outer corona of soluble blocks, similar to micellization of surfactants. These polymer micelles show interesting properties such as surface activity and absorption of small molecules in the corona, and have high importance in industrial applications. This type of micellization of block copolymers was first reported by Krause 1 for methyl methacrylate-styrenemethyl methacrylate triblock copolymer in solutions. After the work, extensive studies have been performed on polymer micelles to reveal the structure, thermodynamic, and surface properties and so on. [2] [3] [4] Scattering techniques such as light scattering ͑LS͒, 5, 6 small-angle x-ray scattering ͑SAXS͒, 7, 8 and small-angle neutron scattering 9 ͑SANS͒ are very powerful tools for the structure studies. Due to relatively low molecular masses of copolymers used in micellar studies ͑mostly up to 2 ϫ 10 5 g / mol͒, LS ͑Refs. 10-12͒ with the corresponding low values of scattering vector provides molar mass, aggregation number, and average volume fraction of polymer segments in a micelle, but gives little information about the inner structure. On the other hand, SAXS ͑Ref. 13͒ and SANS ͑Refs. 14-17͒ with larger values of the scattering vector were shown to be more suitable for studies of the inner structure. In particular, SANS is very powerful because of the possibility of selective variation of the scattering contrast of either part of the copolymer or solvent by the degree of deuteration.
In contrast with extensive studies of the micelle structure, there are few reports on the dynamics of the polymer micelles. Polymer blocks on the core surface that extend into the solvent correspond to tethered chains on a spherical surface. If the grafting density on the surface is high enough to form a dense brush layer, the collective dynamics of the chains driven by the osmotic compressibility and the chain entropic force is expected, which is the so-called breathing mode. This type of collective dynamics was theoretically predicted by de Gennes 18 for grafting chain brushes on a flat surface and experimentally probed for spherical micelles 19, 20 and for planar brushes of polyethylene ͑PE͒-polyethylenepropyrene ͑PEP͒ platelets 21 using neutron spin-echo ͑NSE͒ technique. This technique can access dynamics in a length scale of a few tens to hundreds of angstroms, 22,23 and hence is very powerful to study the inner dynamics of polymer micelles. Recently, Matsuoka et al. 16 have investigated dynamics of polymer micelles in aqueous solutions to find two diffusive modes, the center-of-mass diffusion and a fast mode of still unknown origin.
In this study we have investigated dynamics of micelles of deuterated styrene-protonated butadiene diblock copolymers ͑PSD-PB͒ in deuterated n-decane, focusing on the chain dynamics in the corona using NSE. Before the dynamics study we have evaluated the structural parameters of the micelle using SANS to give a basis for the discussion of the NSE data.
II. EXPERIMENT
The sample used for this experiment is a diblock copolymer consisting of a deuterated polystyrene ͑PSD͒ block and a protonated polybutadiene ͑PB͒ block, which was prepared by an anionic polymerization method. 24 The molecular weights of the PSD and PB blocks are 11 100 and 23 000, respectively, and the polydispersity M w / M n of the two blocks is less than 1.07. The solvent was deuterated n-decane, which is poor for PSD but good for PB, and hence the core and corona of the polymer micelle consist of PSD and PB chains, respectively. We also used PB homopolymer with M w = 34 000 and M w / M n = 1.06 for neutron-scattering experiment. The polymer was also synthesized by an anionic polymerization method. 24 The neutron-scattering length density of the present system is shown in Fig. 1 , together with a schematic drawing of a micelle. The scattering length density b of the PSD core is 6.40ϫ 10 10 cm/ cm 3 assuming the density is the same as that in bulk, which almost matches to that of deuterated n-decane ͑6.57ϫ 10 10 cm/ cm 3 ͒. On the other hand, the scattering length density b of the bulk corona material PB is 0.419 ϫ 10 10 cm/ cm 3 while PB chains in the corona are swollen and only occupy a volume fraction B of several percent. The effective scattering length of the shell then is B b,PB + ͑1− B ͒ b,sol . Since in the present measurements the solvent scattering length density b,sol is very close to that of the core we mainly observe the PB chains in the corona.
SANS measurements were done using SANS instrument 25 at the FRJ-2 reactor at the FZ-Jülich, and the SANS-U instrument in JRR-3M reactor, Tokai. 26 The range of length of scattering vector Q covered by the former and the latter is 5 ϫ 10 −3 -0.15 Å −1 in this experiment. NSE measurements were carried out using the NSE spectrometer 27 at the FRJ-2 reactor at the FZ-Jülich. In the NSE measurements the normalized intermediate scattering function I͑Q , t͒ / I͑Q ,0͒ is obtained in the Fourier time range of 0.1-22 ns and in the Q range of 0.05-0.24 Å −1 . The NSE measurements were carried out at 40°C in order to reduce the solvent viscosity without, however, destroying the micellar structure, the SANS experiments were mainly done at 25°C and a few at 40°C for comparison. They do not yield significantly different scattering intensities at both temperatures.
III. RESULTS AND DISCUSSION

A. Structure of micelles
Small-angle neutron-scattering measurements were performed on the micelle solutions with concentrations of 0. 20 wt %, on the other hand, the intensity I͑Q͒ decreases in the low Q range below about 0.01 Å −1 with increasing concentration. This indicates structure factor effects that result from mutual repulsion of micelles. Careful inspection of the normalized intensities of the 0.2 and 0.5 wt % solutions in the inset-the 0.2 wt % solution has slightly higher intensity below about 0.007 Å −1 -suggests that small interference effects still exist even in the 0.5 wt % solution. Therefore, in order to evaluate the form factor of an isolated micelle we analyzed the SANS data of the 0.2 wt % solution.
As a first approximation, we assume that the polymer micelle can be described by a hard-core-shell model which is schematically illustrated in Fig. 1 . The scattering intensity ͓I͑Q͒ = ‫ץ‬⌺ / ‫ץ‬⍀͔ from this model is easily calculated and given by,
where M tot and sol are the total molecular weight and the mass density of the solvent ͑deuterated n-decane͒, b,sol , b,B , and b,SD are the scattering length densities of solvent, PB block, and PSD block, C w and N agg are the weight concentration of polymers and the aggregation number of polymers in a micelle, and S and C are the volume fractions of PB in the shell and PSD in the core, respectively. R 2 and R 1 are the outer radii of the shell and core. F͑x͒ is the normalized scattering amplitude of a sphere
If we assume homogeneous densities within the shell and core, the volume fractions follow as
where M PB and M PSD are the molecular weights of PB and PSD blocks, and B Ϸ 0.9 g / cm 3 and SD Ϸ 1.12 g / cm 3 are the mass densities of PB block and PSD block, respectively. In this experiment, the scattering length density of the core consisting of PSD blocks is almost the same as that of the solvent ͑see Fig. 1͒ , and the contrast factor of the core b,SD − b,sol is extremely small. Hence, Eq. ͑1͒ can be approximated to
where the expression in brackets represents the normalized form factor P͑Q͒ of a hollow sphere and approaches 1 for Q → 0.
For an isolated object, not knowing the form factor P͑Q͒, the scattering intensity can be described by the Guinier equation in a low Q range below 1 / R g , where R g is a radius of gyration of the object. In the present experiment, it is given by
According to Eq. ͑3͒ we plotted the logarithm of the scattering intensity against Q 2 in the Q range below 0.01 Å −1 in Fig. 3 . We have evaluated the prefactor I͑0͒ and radius of gyration R g from the straight line in the figure, as 16.0+ ± 0.2 cm −1 and 171± 2 Å, respectively. The aggregation number N agg in Eq. ͑3͒ was calculated from I͑0͒͑=16.0 cm −1 ͒ to be 78.7. From the aggregation number N agg , we have calculated the radius of the core R 1 to be 68 Å under an assumption that the density of the core is the same as that in bulk PSD, i.e., C = 1. The radius of gyration R g of an isolated micelle must be given as that of a hollow sphere because the scattering length density of the PSD core is almost the same as that of the solvent ͑deuterated n-decane͒.
The radius of gyration of a hollow sphere is given by 28 
With the core radius R 1 ͑=68 Å͒ we get the total radius of micelle R 2 = 217 Å through Eq. ͑4͒. Now we can calculate the scattering intensity from a dilute micelle solution in absolute units using the core-shell model Eq. ͑1͒ by inserting the parameters given above without further curve fitting. The calculated intensity is plotted in Fig. 4 as a dotted line, which agrees with the observed intensity in a low Q range below about 0.015 Å −1 while it decreases much faster than the observed one as Q increases. This indicates that there are density fluctuations on shorter length scales within the micelle structure. The most plausible origin is chain fluctuations in the corona, which is the so-called blob scattering I blob ͑Q͒ that adds to the average shape micelle scattering I͑Q͒, i.e., ‫ץ‬⌺ / ‫ץ‬⍀ = I͑Q͒ + I blob ͑Q͒.
We have tried to estimate the scattering intensity due to the fluctuations experimentally assuming that the chain fluctuations in the corona may be compared to those in a PB solution with a concentration that corresponds to B . For this purpose, SANS measurements were carried out on deuterated n-decane solutions of PB homopolymer with M w = 34 000 as a function of PB concentration. The observed SANS intensities are shown in Fig. 5 and fitted to the Ornstein-Zernike equation
where and I͑0͒ are a correlation length and the intensity at Q = 0. The results of fits show good agreements. From the fits we have evaluated the correlation length and I͑0͒ and plotted in the inset of Fig. 5 as a function of the polymer concentration. Using the structure parameters of the micelle R 1 , R 2 , and N agg evaluated above, the average concentration of PB blocks in the corona was calculated to be 8.6 wt % or B = 0.081, respectively. At this concentration, the correlation length and the intensity I͑0͒ are 30.5 Å and 4.48 cm −1 , respectively, for the homopolymer solution. Putting these val-ues into Eq. ͑5͒ we have estimated the scattering intensity due to the concentration fluctuations in the corona. Finally, we obtained the total SANS intensity from the micelle as a sum of Eqs. ͑1͒ and ͑5͒. In Fig. 4 , the scattering intensities due to the chain concentration fluctuations in the corona ͓Eq. ͑5͔͒ and the total intensity are given by a long-dashed line and a thin solid line, respectively. The total computed scattering intensity was convoluted with the resolution function of the SANS machine, which is shown by a thick solid line. For this calculation of the SANS intensity we have estimated all the structural parameters from the direct experiments without model fitting. Nevertheless the agreement between the calculated and observed intensities is not bad. However, the calculated peak seems to appear at a Q position ͑=0.0266 Å −1 ͒ slightly smaller than the observed one ͑=0.029 Å −1 ͒. This suggests that the real effective outer radius R 2 is slightly smaller than that evaluated from the radius of gyration R g within this model. Better agreement between the calculated and observed scattering intensities could be obtained by fitting the theoretical curve to the observed one by adjusting the structure parameters.
In a system of interacting spherical symmetric particles the scattering intensity I͑Q͒ can be described by the product of a single particle form factor P͑Q͒ and a structure factor S͑Q͒.
Note that the total scattering cross section is
since the fluctuation scattering is totally uncorrelated between different micelles such that any interference terms between neighboring particles average out to zero. The 2% data have been fitted using the more flexible core-shell model where S͑Q͒ has been modeled by Sharma and Sharma 29 and the blob scattering was added ͑Fig. 6͒. A perfect data fit can be obtained observing all mass conservation conditions imposed by the known molecular weights and concentrations. However, the aggregation number depends somewhat on the fit details ͓e.g., the S͑Q͒ model͔ within a range between 67 and 83. Also, the detailed form of the radial shell density may be varied somewhat within this approach. An ansatz of a radial density decay of the outer shell according to ͑r͒ ϰ r −4/3 up to the outer shell radius is compared to a two-shell model with smeared boundaries. Both models fit the data in a way, as shown in Fig. 6 . Here we arrive at the limits of the discrimination power between similar models of SANS without multiparameter contrast variation. The general features of a shell with decreasing density, with increasing radius, and an effective extension of about 250 Å are corroborated by all model fits. Since mass conservation holds the outer radius obtained for constant radial density is lower ͑217 Å͒. Parameters for the model S͑Q͒ were hard-core radius 68 Å, potential-well width 250 ͑290͒ Å, and potential-well height 1.9͑1.1͒k B T, where the values in parentheses relate to the smeared two-shell model.
Using the form factor P͑Q͒ evaluated above, we have extracted the structure factor S͑Q͒ for the micelle solutions and plotted in Fig. 7 at the concentration C p = 0.2, 0.5, 2.0, and 20 wt %. It is obvious that the S͑Q͒ is unity at C p = 0.2 wt % because we observe an isolated micelle. In the 0.5, 2.0, and 20 wt % solutions, we observed a first correlation peak in S͑Q͒, which corresponds to the distance between the nearest neighboring micelles. It is hard to evaluate the peak position for the 0.5 wt % solution precisely due to the experimental error. At 2.0 wt %, the peak position is about 0.012 Å −1 , giving the distance of 523 Å. The number density of micelles calculated from the aggregation number is ͑1 / 636 Å͒ 3 inserting this ͑with R 2 = 250 A͒ into the Sharma-Sharma or Percus-Yevick form of the structure factor a first peak position of Q = 0.0122 Å −1 results in perfect agreement with the experimental observation. The structure factor S͑Q͒ of the 20 wt % solution is not crystal-like, suggesting that the micelles are not well ordered. The distance between the nearest neighboring micelles is about 170 Å for the 20 wt % solution, which was calculated from the first peak position of 0.037 Å −1 . This is much smaller than twice the micelle radius R 2 ͑=217, … , 270 Å͒, suggesting that the micelles heavily interpenetrate and/or deform each other.
B. Dynamics of the micellar corona
In the next step, we investigated dynamics of the micelles in the 2.0 and 20 wt % solutions using a NSE technique at Q = 0.05, 0.08, 0.10, 0.14, 0.20, and 0.24 Å −1 , which are indicated by the arrows in Fig. 4 . In this Q range the scattering intensity is dominated by the PB chain fluctuations in the corona. The scattering contribution from the average shape ͑dotted line in Fig. 4͒ is at least one order of magnitude smaller than the PB fluctuation scattering.
The However, for the 2% sample the functions S͑Q͒ and H͑Q͒ in the Q range of NSE experiments are close to 1. This means that center-of-mass diffusion will lead to an extra drop by a factor 0.75 of the relaxation curve for Q = 0.1 Å −1 and t = 22 ns. The measured relaxation drops to about 0.25 at this point which indicates that most of the relaxation observed at higher Q is due to internal dynamics of the corona. As shown in the structural studies, the micelles are not overlapped in the 2 wt % solution, but they are deeply interpenetrated in the 20 wt % solution. Thus the factorization of center-of-mass diffusion and internal dynamics may break down for the high-concentration sample. First we focus our attention on I͑Q , t͒ / I͑Q ,0͒ of the 2 wt % solution or the isolated micelles. A far as we know, there are two reports on the dynamics of corona chains in isolated polymer micelles by NSE. 19, 20 In both of these studies it is claimed that the so-called breathing mode is observed, which is a collective motion of the corona chains driven by the osmotic compressibility and the chain entropic force. The theoretical prediction was given by de Gennes in 1986. 18 According to the theory as well as the previous experimental studies, I͑Q , t͒ / I͑Q ,0͒ of the breathing mode of corona chains is characterized by multiple component decay including very FIG. 7 . Structure factor S͑Q͒ for the polymer concentration C p = 0.2, 0.5, 2.0, and 20 wt %.
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Dynamics of butadiene diblock copolymer micelles J. Chem. Phys. 122, 144905 ͑2005͒ fast and very slow decays from relaxation modes of the average segment concentration. In particular, the observed initial decays were considerably faster than the corresponding Zimm dynamics of the corona chains in a homopolymer solution. In the beginning of this study we also expected the breathing mode in this micelle system. However, the observed intermediate scattering function I͑Q , t͒ / I͑Q ,0͒ of the 2 wt % solution of PSD-PB micelles is even slightly slower than that of the PB-homopolymer solution, as will be shown later, which renders it virtually impossible to identify any traces of a breathing mode. Which mode governs the motions of corona chains in this micelle? To shed light on this question NSE measurements on deuterated n-decane solutions of butadiene homopolymer with almost the same molecular weight ͑M w = 36 000, M w / M n = 1.06͒ in the concentration range from 1 to 32 wt % were compared to those on the micellar dynamics. Apparently, the observed intermediate scattering functions I͑Q , t͒ / I͑Q ,0͒ for the solutions are very similar to that of the isolated micelle solutions. In particular is the intermediate scattering function as obtained from a 8 wt % PB-homopolymer solution nearly indistinguishable from that from the 2 wt % micellar solution, see Fig. 11 .
Here we note that the SANS analysis of the micelles gave an average polymer concentration in the corona of 8.6%. The standard model for the dynamics of polymer chains in dilute solutions is the Zimm model 23 
According to this calculation, the Zimm rate constant ⌫ Z is and 9͑b͒ for the 2 and 20 wt % solutions of PB homopolymer. Note that, e.g., at Q = 0.1 A −1 the estimated initial rate contribution due to center-of-mass diffusion is 0.0126 ns −1 whereas the Zimm dynamics contribution is computed as 0.314 ns −1 about 25 times the center-of-mass diffusion rate. As seen in Fig. 9͑a͒ , the Zimm scaling apparently works well for the 2 wt % PB-homopolymer solution and all the data points fall on the master curve, however, the effective sol- vent viscosity ͑fitted solid line͒ is 0.98 cP rather than the expected 0.73 cP. In the more concentrated solutions ͑16%, 20%, and 32%͒, on the other hand, deviations from the Zimm scaling appear and deviations from the Zimm master curve are significant. Only the short-time behavior ͑initial slope͒ remains consistent with the Zimm expectation for the given solvent viscosity. This obvious deviation begins at a certain concentration between 4 and 8 wt %, and is enhanced as the concentration increases. Comparing the decay curve of the 20 wt % solution with that of the 2 wt % ͑see Fig. 9͒ , the overall motional slowing down in the 20 wt % solution is clearly observed. The slowing down and the deviation from the master curve must be predominantly caused by the increase of the effective viscosity with concentration ͑concentration effect͒ rather than by the entanglements since the molecular weight of the PB chains is slightly smaller than the critical entanglement molecular weight. 31 For the 2 wt % PSD-PB micelle solution the intermediate scattering function I͑Q , t͒ / I͑Q ,0͒ is plotted as a function of the Zimm time ϳ͑WQ 3 t͒ 2/3 in Fig. 10͑a͒ . The Zimm scaling holds well within the available statistical accuracy for the isolated micelle solution, at least in the short-time region below ͑WQ 3 t͒ 2/3 = 3.5, while there are no signs of a breathing mode. The question why it is not observed will be discussed later. The master curve fitted to the observed data for the isolated micelle solution is shown in Fig. 10͑a͒ . The decay rate in the micelle solution is clearly slowed down compared with that in the homopolymer solution and the effective viscosity amounts to 1.3 cP ͑1.2 cP͒ if a center-of-mass diffusion of 1.26 A 2 /ns is ͑not͒ included, resulting in a decay rate ratio of 0.80. The scaling property of the decay curves from the micelle indicates that the brush dynamics is close to that of a polymer solution with Zimm dynamics. The effective chain concentration of 8.6 wt % in the corona as determined from the SANS results suggests a direct comparison with the 8 wt % homopolymer solution. Indeed the comparison reveals a better match between the 2 wt % micellar solution and the 8 wt % PB-homopolymer solution than between the 2 wt % micellar solution and the 4 and 16 wt % homopolymer solutions. The best match between I͑Q , t͒ / I͑Q ,0͒ of 2 wt % PSD-PB and 8 wt % PB is observed at Q = 0.08 A −1 ͑see Fig. 11͒ . Still there are subtle differences in the shape of the curves which may be expressed in terms of a stretching exponents ␤ which are ͑0.871± 0.03, 0.757± 0.01͒ from fits to exp͓−͑t / ͒ ␤ ͔ and = 14.4± 0.4 ns in both cases. In the relevant range ͑i.e., where 1 Ͼ S͑q , t͒ / S͑q͒ Ͼ 0.1͒ the Zimm model function matches a stretched exponential with ␤ = 0.85 with a maximum error of 0.015. Deviations from this ␤ value indicate and quantify deviations from a pure Zimmtype behavior.
The overall Q dependence of the rate is determined by fitting the data for different Q values-including data from individual zones on the detector to increase Q resolution-to stretched exponential functions. The stretching exponent was fixed to ␤ = 0.77 which yields fair fits over the whole Q range. Thereby Fig. 12 was obtained. It is clearly seen that over the whole Q range 0.035Ͻ Q Ͻ 0.2 A −1 a Q 3 dependence of the rate 1 / is observed. The slope depends on the concentration of the homopolymer solutions and for the 8 wt % solution nearly matches the slope obtained for the 2% PSD-PB micellar system.
The I͑Q , t͒ / I͑Q ,0͒ of the 20 wt % micelle solution is also plotted as a function of the Zimm time ͑WQ 3 t͒ 2/3 in Fig.  10͑b͒ , showing that the scaling works in the short-time region below about ͑WQ 3 t͒ 2/3 = 1.0 while it deviates by slowing For a comparison to the homopolymer solutions we fitted the data from the single detector zones with a stretched exponential exp͓−͑t / ͒ ␤ ͔ with fixed ␤ = 0.77 which yields fair fits with a 2 around 2 throughout. It is clearly seen in Fig. 13 that at low Q the effective diffusion shown by the micellar coronae is much slower than that of the comparable solutions with 16 or 32 wt % homopolymer. We note that at the lowest Q evaluated here the intermicelle structure factor S͑Q͒ as determined by SANS is already close to 1 and should not significantly influence the dynamics observed here. On a more local scale ͑Q Ͼ 0.1 A −1 ͒ the behavior of the 20 wt % PSD-PB micellar solution approaches that of the 32 wt % homopolymer solution rather than that of the 16% solution, which is considerably faster.
The collective concentration fluctuations with longer wavelengths that lead to a plateau of D eff below about Q = 0.07 Å −1 in the most concentrated homopolymer solutions and below Q = 0.05 Å −1 for the 16% solution are obviously suppressed in the micellar solution. This may be a consequence of the tethering of the chains to the micellar core that restricts their maximum displacements.
Finally, we would like to discuss why the breathing mode is not observed in the present micelle system while it was observed in other two systems. 19, 20 Characteristics of the micelles reported in Ref. 19 and this work are summarized in Table I where molecular weights of each block, aggregation number in a micelle, the grafting chain density on the surface of core G, and the average density ͑average volume fraction͒ of polymers in the corona s are listed. The grafting chain density G was calculated by
where M core is the molecular weight of PSD chain in the core ͑=M PSD ͒ and core is the density of the core. The breathing mode is a collective motion of many chains driven by the osmotic compressibility of the chain segments. It is therefore trivial that the grafting chain density on the core surface and the resulting average density in the corona play important roles. The latter plays an essential role although they are correlated. If the polymer density in the corona is low enough the breathing mode is not observed, but the selfmotion of chains ͑the Zimm mode͒ is observed in the available Q range.
As Table I shows, the present micelle has only a slightly smaller density but a larger molecular weight of the "hairs" in the corona than those in Ref. 19 . It is also closer to a starlike micelle than ͑in particular͒ the one investigated in Ref. 19 which tends towards a "crew cut" type. Visibility of the breathing mode requires that it has a faster dynamics than the Zimm modes. In a homopolymer solution of the corre- sponding regime is reached if Q gets small enough to see the diffusion-type behavior ϳQ 2 of the rate rather than the ϳQ 3 Zimm-type rate dependence which takes over at higher Q. The higher the collective, osmotic-pressure driven diffusion is, the larger is the Q value where it meets the Zimm relaxation rate. In the present case the corona has a density of 8.6% ͑or s = 0.081͒, at this concentration the homopolymer solution is still not in the regime where the osmotic-pressure driven density fluctuations dominate and lead to a constant D eff . As Fig. 13 shows this becomes visible only at 16% and 32% concentrations. The osmotic compressibility is the value that mainly determines this range of visibility of the collective diffusion-type motion. For semidilute and concentrated solutions it strongly deviates from the ideal-gas value depending on the second virial coefficient A 2 , the relevant parameter being ␦ / ␦c ϳ f͑A 2 M w c͒. 32 Differences in A 2 of PB and Polyisoprene ͑PI͒ in decane could be the reason for the observed difference in the visibility of the breathing mode. Unfortunately A 2 values for both polymers in decane are currently unavailable, however, published values 33 of the second virial coefficient of PB and PI in another hydrocarbon solvent, cyclohexane at 25°C, differ by a factor of 10 ͑A 2 1,4-PB = 1.23ϫ 10 −3 cm 3 mol g −1 ϫ ͕M / ͑g / mol͖͒ −0.212 ; A 2 PI = 1.32ϫ 10 −2 cm 3 mol g −1 ϫ ͕M / ͑g / mol͖͒ −0.232 ͒. If a similar relation would hold in decane also the tenfold larger A 2 of PI could readily explain the observed difference of the breathing modes. The complete lack of a diffusive regime in the 20 wt % micelle system still needs an explanation. Here the segment concentration is close to the 16% homopolymer solution. However, the local solution ͑Zimm͒-type motion is slower ͑close to those in the 32% solution͒ and on the other hand their Q dependence follows approximately a Q 3 law to the lowest values of the available range. One may speculate that the tethering of the corona polymers to their cores and the high density of chains from neighbor micelles or backfolded chains, which increase the average corona density from 8.6% to 16% also close to the tethering points, causes this observation. The constraints by tethering appear to decrease the displacement amplitude such that the osmotic-pressure driven density mode becomes undetectable.
In this study, we have investigated structure and dynamics of deuterated styrene-protonated butadiene diblock copolymer micelles in an isolated condition as well as in overlap condition. We analyzed the scattering intensity from an isolated micelle using a simple hard-core-shell model without curve fitting, and found that it cannot reproduce the observed data without taking into account the chain fluctuations in the corona ͑blob scattering͒. The blob contribution was experimentally evaluated by measuring the homopolymer solutions as a function of the concentration, and it was found that the sum of the hard-core-shell model and the blob scattering well reproduce the observed data. In the dynamic studies of the PB chains in the corona by neutron spin echo, the breathing mode was not observed due to slightly too low effective segment concentration A 2 M w c in the corona. The motion is well described by the Zimm mode for the 2.0 and 20 wt % solutions in a short-time region while it deviates from the Zimm mode for the 20% solution in the long-time region. The onset time of the deviation depends on Q. The Zimm decay rate ⌫ Z in the micelle solution was slowed down compared with that in the homopolymer solution. This slowing down has been assigned to the effective high concentration in the corona. The differences in ⌫ Z between concentrated solutions and the 20% micellar solution are attributed to end-tethering effect of the PB chains on the core surface.
